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LASER GAS ASSISTED NITRIDING OF
ALUMINA SURFACES

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to processes for coating met-
als, and particularly to laser gas assisted nitriding of alumina
surfaces.

2. Description of the Related Art

Nitriding 1s the process of adding nitrogen to the surface of
metals for improved hardness and wear resistance. A nitride
coating may be applied to many different metals, including
steel and other ferrous metals, titanium, molybdenum, and
aluminum. Several processes are known for applying the
nitride coating, such as gas nitriding, liquid or salt bath nitrid-
ing, and 1on or plasma nmitriding. Conventional gas nitriding
generally uses ammonia, which dissociates to form nitrogen
and hydrogen when brought into contact with a heated metal
workpiece. Other processes are generally performed at high
temperatures and/or pressures, and require substantial peri-
ods of time to form the nitride surface to the desired depth.

Laser gas assisted nitriding 1s a relatively new process for
applying a nitride coating to metals. The process generally
involves exposing the workpiece to laser radiation for com-
paratively brief periods 1n the presence of an 1nert gas. Nitro-
gen 1s supplied under pressure. Laser nitriding has several
advantages, including the ability to apply a very thin coating;
the ability to apply the coating 1n a vary narrow beam, if
desired; relatively low temperatures and pressures to avoid
deformation of the metal; and quick processing times, with
exposure to radiation often being less than a second.

Alumina (Al,O,) finds wide application 1n industry due to
its tribological and thermal properties, such as corrosion
resistance and thermal stability at high temperatures. Alu-
mina 1s widely used 1n lined process piping, chutes, cyclones,
lined metal fabrication, and grinding mill components. This 1s
due to the fact that all of these applications require a unique
combination of hardness, extremely high abrasion resistance,
and high strength over a broad range of temperatures. More-
over, alumina tiles are formed from fine alumina powders
through sintering. The tiles have high porosity, particularly in
the surface region. Alumina tiles are, in general, produced
from microsized alumina powders. Depending on the powder
s1Ze, 1n some cases, structural non-homogeneity and abnor-
malities, such as scattered small voids, are formed 1n the tiles.
These abnormalities 1n the structure, particularly 1n the sur-
face region, can be minimized through controlled laser melt-
ng.

However, during the laser melting process, an assisting gas
1s used to prevent excessive oxidation reactions taking place
in the irradiated region. The oxidation reactions are exother-
mic, increasing the surface roughness and crack formation
through subsequent high heating and cooling rates in the
irradiated region. The use of the inert gas, such as nitrogen, 1n
the laser melting process prevents surtace defects that would
otherwise result from high temperature oxidation reactions.
Moreover, nitrogen at high temperatures and pressures forms
AIN 1n the surface region, thus modifying the surface hard-
ness. Because alumina and alumina-based composites have
oxygen incorporated therein, 1t would be desirable to have a
process that produces a hard, wear resistant nitride surface
that 1s also not prone to developing cracks.

Thus, laser gas assisted nitriding of alumina surfaces solv-

ing the atorementioned problems 1s desired.

SUMMARY OF THE INVENTION

Laser gas assisted nitriding of alumina surfaces 1s a process
tor applying a nitride coating to an alumina or alumina-based
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composite surface. The method involves the step of applying
a phenolic resin to the alumina surface 1n a thin, uniform film.

The resin-coated alumina surface 1s maintained in a con-
trolled chamber at about 8 bar pressure at a temperature of
about 175° C. for about 2 hours. The surface 1s then heated at
about 400° C. for several hours 1n an argon atmosphere. This
converts the phenolic resin to carbon. The carbon coated
alumina surface 1s then scanned by a 2 kW laser beam while

applying nitrogen under pressure. The end result 1s the con-
version of the alumina at the surface to aluminum nitride, the

oxygen being released 1n the form of carbon dioxide.

These and other features of the present invention will
become readily apparent upon further review of the following
specification and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram showing parameters for
indentation testing to determine Young’s modulus and frac-
ture toughness of surfaces treated with the method of laser gas
assisted nitriding of alumina surfaces according to the present
invention.

FIG. 2 1s a schematic diagram showing the geometric con-
figuration of the indentation mark and crack length 1n relation
to Iracture toughness for indentation testing of surfaces
treated with the method of laser gas assisted nitriding of
alumina surfaces according to the present invention.

FIG. 3 1s an x-ray diffractogram comparison of untreated
alumina surfaces with alumina surfaces treated by the method
of laser gas assisted nitriding of alumina surfaces according to
the present invention.

Similar reference characters denote corresponding fea-
tures consistently throughout the attached drawings.

g
w

DETAILED DESCRIPTION OF THE
EMBODIMENTS

PREFERR.

Laser gas assisted nitriding of alumina surfaces 1s a process
for applying a nitride coating to an alumina or alumina-based
composite surface. The method 1mvolves the step of applying
a resin containing an organic compound, preferably a phe-
nolic resin, to the alumina surface 1n a thin, uniform film. The
resin-coated alumina surface 1s maintained 1n a controlled
chamber at about 8 bar pressure at a temperature of about
175° C. for about 2 hours. The surface 1s then heated at about
400° C. for several hours 1n an argon atmosphere. This con-
verts the phenolic resin to carbon. The carbon coated alumina
surface 1s then scanned by a 2 kW laser beam while applying
nitrogen under pressure. The end result 1s the conversion of
the alumina at the surface to aluminum nitride, the oxygen
being released in the form of carbon dioxide.

The method 1s best illustrated by reference to the following
example.

EXAMPL

L1

A CO, laser (LC-ALPHAIII) delivering nominal output

power of 2 kW was used to 1rradiate the workpiece surface.
The nominal focal length of the focusing lens was 127 mm.
The laser beam diameter focused at the workpiece surface
was ~1 mm. Nitrogen assisting gas emerging from the conical
nozzle coaxially with the laser beam was used. Laser treat-
ment conditions are given in Table 1.
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TABLE 1

Laser Nitriding Conditions

Scanning speed (cm s™) 50
Power (W) 2000
Frequency (Hz) 100
Nozzle gap (mm) 1.5
Nozzle diam. (mm) 1.5
Focus setting (mm) 127
N, pressure (kPa) 600

Alumina (Al,O,) tiles with 5 mm thickness were used as
workpieces. The phenolic resin was applied to the surface of
Al,O, tile. A umiform phenolic resin thickness of S0 um was
achieved at the tile surface in a control chamber at 8 bar
pressure and 175° C. for 2 hours. The workpieces were then
heated to 400° C. 1n an argon environment for several hours to
ensure the conversion of the phenolic resin ito carbon. The
carbon coated Al,O, tiles were scanned by a laser beam
according to the parameters given 1n Table 1. The develop-
ment of the carbon layer on the tile surface was necessary to
form AIN compound in the surface region. During the laser
treatment process, two steps are mvolved. In the first step, the
addition of a fine carbon layer at the tile surface provided the
following reaction during the laser heating:

ALO+2C—ALO+2CO.

In the second step, introducing nitrogen as an assisting gas
provides the following reaction during the laser heating:

AL O+CO+N,—2AIN+CO,.

Material characterization of the laser nitrided surfaces was
carried out using SEM, EDS, and XRD. Jeol 6460 electron
microscopy was used for SEM examinations, and Broker D8
Advanced having Mo K, radiation was used for XRD analy-
s1s. A typical setting of XRD was 40 kV and 30 mA, and
scanning angle 20 was ranged between 20° and 80°.

Microphotonics digital microhardness tester (IMP-100TC)
was used to obtain microhardness across the depth of the
nitride layer. The standard test method for Vickers indentation
hardness of advanced ceramics (ASTM (C1327-99) was
adopted. Microhardness was measured at the workpiece sur-
face after the laser treatment process. The workpiece cross
section was also prepared for the microhardness measure-
ments. The measurements were repeated three times at each
location for the consistency of the results.

The elastic response of the surface when subjected to
indention testing needs to be examined, through which
Young’s modulus can be determined. After considering
FIGS. 1 and 2, Young’s modulus can be formulated as:

0.5

fo (_) " pjl5 p05 (1)

where P 1s the applied load, h 1s the elastic penetration of the
indenter and R 1s the indenter radius. The true modulus of
clasticity can be determined using the indenter properties,
1.€.,

(2)

1 —*

E=
L/E—(1-v))/E

where E, and v, are the Young’s modulus and Poisson’s ratio
of indenter, respectively. In the calculations, E,=1141 GPa
and v.=0.07 (diamond indenter), and v=0.24"'" are taken.
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The fracture toughness of the surface 1s measured using the
indenter test data for microhardness (Vickers) and crack
inhibiting. In this case, microhardness in HV and the crack
length generated due to indentation at the surface are mea-
sured. The lengths of the cracks, which are generated due to
indentation at the surface, are measured. The length/mea-
sured corresponded to the distance from the crack tip to the
indent. The crack lengths were individually summed to obtain
21. The crack length ¢ from the centre of the indent 1s the sum
of individual crack lengths 21 and half the indent diagonal
length 2a. Therefore, c=a+21. However, depending upon the
ratio of ¢/a, various equations were developed to estimate the
fracture toughness K. However, the equation proposed by the
prior art has limitations due to non-linearity of the coetlicients
for values of c/a>2, which 1s not case for the alumina (=0.8-
1.5). Therefore, the following equation 1s used to determine
the {fracture toughness K, which 1s applicable {for

(0.6=cla=4.5), 1.e.,

K, = 0-079(£)mlﬂg(4.515’§). (3)

where P 1s the applied load on indenter, ¢ 1s the crack length
and a 1s the half indent diagonal length. The results of the
calculations are given in Table II. The estimated error based
onrepeats of the indentation tests 1s 7%. Moreover, 1n order to
visualize the cracks formed around the indention mark, the
top surface of the coating was ground slightly.

TABLE II

Indentation Test Results

Untreated Laser treated
workpiece workpiece
Fracture toughness 3.5 2.7
(MPa m')
E (Gpa) 280 310
H 1100 HV 1150 HV
10.8 Gpa 11.3 CPa
P (N) 20 20
[(x107®m) 320 380

In the two layer system, the thermally induced normal
surface stress can be determined from the following equation:

Ec(wc: _ afs)&T/(l _ Uﬂ)
0. =
2(hu:: /hs)(Ec /Es)[(l — Us)/(l _ Uc)]

(4)

where E, o, and v are Young’s modulus, the linear thermal
expansion coellicient, and Poisson’s ratio, and h 1s thickness,
while ¢ represents the laser treated layer and s represents the
as received material. After assuming that the workpiece thick-
ness 1s much larger than the thickness of the laser treated
region, equation (4) reduces to

E o, — a)AT

1 —u,

(5)

Equation (5), the datain Table Il and AT=1000° C. are used to

determine the thermally induced normal surface stress, which
1s —1.56 GPa (compressive).
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Optical micrographs of the laser wrradiated surface and
SEM 1mages of the top surface of the laser treated and
untreated workpieces were examined. It 1s evident from the
SEM 1mages that the untreated alumina surfaces have some
small scattered porosity. This 1s related to the manufacturing
of the alumina tiles, in which the alumina powders are used.
However, laser remelting provided smooth surfaces without
defects. In the case of high duty cycles of laser output, 1n
which the laser power intensity 1s high, scattered fine surface
cracks are developed. Some ol these cracks join to form larger
and deep cracks while moditying the surface texture. The
formation of cracks 1s associated with the high temperature
gradient in the surface vicinity of the workpiece. This, in turn,
results 1in excessive thermally induced residual stresses 1n this
region. Moreover, scattered and arbitrarily distributed cracks
indicate that the cooling rate 1s non-uniform across the sur-
face, and results 1n non-uniform distribution of the tempera-
ture gradient in this region.

It should be noted that due to the presence of pores 1n the
surface region, thermal conductivity reduces and temperature
gradient increases significantly. SEM 1mages show that the
surface 1s completely melted, and pore holes are not visible at
the surface. However, the shortage of crack formation at low
laser power 1ntensity 1s because of the low temperature gra-
dient, resulting 1n low thermal stress levels. In addition, some
submicron size pores and heterogeneity in the laser treated
zone limit the propagation of the microiracture. In this case,
variation in thermal expansion coelflicients for different spe-
cies 1n the 1rradiated zone results 1n branching of microirac-
tures at grain boundaries of different species.

SEM 1mages of a cross section of the laser treated alumina
were examined. It was observed that the laser treated section
extends ~40 um below the surface. A close view of the laser
treated region revealed that two regions can be distinguished.
Thefirstregionis close to the surface, while the second region
lies below the first region. The first region 1s dense and free
from pores and cracks, which 1s true for treatment at low laser
power 1ntensity, while microcracks are observed at high laser
power intensity setting. This 1s because of the development of
the high temperature gradient and resulting high thermal
stress levels. The dense layer 1s AIN and a-Al,O;, and the
second layer 1s y-Al,O,. It should be noted that transforma-
tion of v-Al,O; to a.-Al,O; occurs at around 1100° C., which
1s lower than the melting temperature of alumina (~2050° C.).

Moreover, the grains 1n the region close to the surface are
considerably smaller than the alumina grains in the treated
region. This 1s because of the formation of AIN in this region
or a high cooling rate due to heat convection at the surface,
which results in smaller grains 1n the surface region, or both.
Moreover, the transformation of Al,O, mto AIN generates
slight volume shrinkage, since the density of AIN 1s lower
than Al,O;. The volume shrinkage results 1n excessive com-
pactness 1n the coatings and randomly distributed submi-
cropores 1n the surface region, so that only a few pores are
observed 1n this region. However, 1n the second layer, ran-
domly stacked lamellae structure 1s observed. In addition, a
heat-affected zone 1s not observed clearly between the second
region and the alumina base. This 1s attributed to heat release
during the solidification, which transiers heat to the solid
phase at the melt/solid interface. This, 1n turn, results in a
solid phase transformation 1n the region next to the melt/solid
interface. Since the thermal diffusivity of alumina 1s low, the
depth of the heat affected zone becomes considerably shal-
low.

As shown 1n FIG. 3, XRD diffractograms for the laser
treated and untreated workpieces were made. The diffracto-
gram for the untreated workpiece shows that the y-Al,O,
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phase is present predominantly, with the existence of the a-Al,O;
phase. It should be noted that during the preparation of alumina tiles
from the powders, rapid cooling rates cause the formation of meta-
stable y-Al,O;. However, laser treatment causes transformation of
the v-Al,O; 1n to a stable a-Al,O;. The formation of the thermody-
namically stable a-Al,O; phase can be attributed to thermal relax-
ation of a non-equilibrium y-Al,O; phase, which has a defect spiral
structure. Moreover, the formation of AIN 1s evident with the lattice
parameter a=0.3112 nm and ¢=0.4979 nm.

The mitriding reactions cause AIN to grow gradually 1n the
irradiated zone. Consequently, the depth of the nitrided zone
becomes shallow, which 1s limited with the first region in the
nitrided surface. The diflractogram peak for an AION species
1s also observed. This can be related to a lone oxygen released
from the alumina during the laser treatment process. In this
case, when the temperature reaches above the melting tem-
perature, AlO 1s formed through the reaction:

AlLO,—2A10+450,

The lone oxygen atom remains 1n the alumina structure. How-
ever, under the nitrogen ambient, the following reaction takes
place:

2A10+N5,—=2AION

The formation of AION species increases the hardness and
ductility of the surface.

Table II shows fracture toughness measurement results.
The fracture toughness of laser nitrided surfaces 1s less than
that corresponding to the received, untreated surface. The
percentage difference 1n the fracture toughness between the
laser treated and as received surfaces 1s ~22%. Moreover, the
microhardness for the laser nitrided surfaces attains slightly
higher value than that of the untreated surface. This 1s asso-
ciated with the AIN compounds formed 1n the surface region
during the laser treatment process, 1n which case a compact
structure 1s formed 1n this region. Moreover, the normal stress
determined from equation (2) is 1n the order of about -1.56
(GPa. Since the stress value 1s negative, a compressive stress
field 1s generated 1n the first region where AIN compound 1s
tformed. It should be noted that fracture failure takes place at
the surface in tension, but can also occur due to surface
compressive stresses. Consequently, failure under compres-
s10n occurs when the crack tip exceeds the sum of theoretical
strength and compressive stress.

It 1s to be understood that the present mvention i1s not
limited to the embodiments described above, but encom-
passes any and all embodiments within the scope of the fol-
lowing claims.

We claim:

1. A method for laser gas assisted nitriding of an alumina
surface, comprising the steps of:

applying an organic resin to the alumina surface in a thin,

uniform film;

maintaining the resin-coated alumina surface 1n a con-

trolled chamber at about 8 bar pressure at a temperature
of about 175° C. for about 2 hours;

thereafter, heating the resin-coated alumina surface at

about 400° C. 1n an 1nert gas atmosphere to convert the
organic resin to carbon; and

scanning the carbon coated alumina surface with a laser

beam while applying nitrogen under pressure to form an
aluminum nitride coating.

2. The method for laser gas assisted nitriding of an alumina
surface according to claim 1, wherein the heating step 1s
maintained for several hours.

3. The method for laser gas assisted nitriding of an alumina
surface according to claim 1, wherein the laser beam 1s gen-
erated at 2 kW of power.
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4. The method for laser gas assisted nitriding of an alumina 7. The method for laser gas assisted nitriding of an alumina
surface according to claim 1, wherein the laser beam 1s gen- surface according to claim 6, wherein the step of applying
erated by a CO, laser. comprises applying the phenolic resin to the alumina surface
5. The method for laser gas assisted nitriding of an alumina in a film having a thickness of about 50 um prior to the heating

surface according to claim 1, wherein the nitrogen 1s applied 5  thereof.
at a pressure of about 600 kPa.

6. The method for laser gas assisted nitriding of an alumina
surface according to claim 1, wherein the organic resin com-

prises a phenolic resin. I
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